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The dependence of the superconducting proximity effect on the amount of magnetic impurities in
the normal part of Andreev interferometers has been studied experimentally. The dephasing rates
obtained from fitting experimental data to quasiclassical theory of the proximity effect are consistent
with the spin flip scattering from Cr impurities forming a local moment in the Cu host. In contrast,
Ni impurities do not form a local moment in Cu and as a result there is no extra dephasing from
Ni as long as Cu/Ni alloy remain paramagnetic.
I. INTRODUCTION
Electron dephasing has been one of the most important
problems of mesoscopic physics since its emergence in the
1980s. The main sources of dephasing have been iden-
tified as inelastic scattering due to electron-electron and
electron-phonon interactions and scattering by magnetic
impurities1. These have been carefully studied exper-
imentally using the weak localization correction to the
conductance of mesoscopic structures2. The topic has
received renewed interest since the proposal of quantum
computing (see e.g.3). Dephasing is one of the major
obstacles in building a working solid-state quantum bit.
Practically, the phase breaking time, τφ, is often lim-
ited by the presence of even tiny amounts of magnetic
impurities4,5.
The mechanism of dephasing by magnetic impurities
has been studied extensively using weak localization6
and the suppression of the superconducting critical
temperature7. The dephasing rate in these experiments
has been identified with the spin-flip rate obtained from
the low temperature logarithmic increase in resistivity,
the Kondo effect8. Theoretically the problem of con-
ductance in mesoscopic systems with magnetic impuri-
ties has been studied in various ranges of temperature
and impurity concentration9,10,11,12. Recently, the ef-
fect of Kondo impurities on the superconducting proxim-
ity effect has been addressed qualitatively in the Au/Fe
system13.
Here we present an experimental study of the effect
of the magnetic impurities on the coherent part of the
conductance of a normal metal in proximity to a super-
conductor. We have investigated a wide range of Kondo
temperatures, TK , for the two chosen systems: TK ≈10K
for Cu/Cr and TK ≈1000K for Cu/Ni
14. The dephasing
rate obtained by fitting amplitude of resistance oscilla-
tions with magnetic field to the quasiclassical theory of
the proximity effect (see15 for a review on the supercon-
ducting proximity effect) in both cases is compared to
the spin-flip rates estimated from Kondo effect.
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FIG. 1: SEM micrograph of a measured sample. Current
contacts are labeled I1 and I2; voltage contacts, V1 and V2.
The area of superconducting loop is 12µm2.
II. SAMPLE FABRICATION
The samples were fabricated using e-beam lithography
and standard processing. The geometry of the structures
is shown in Fig. 1. I1 and I2 are current leads; V1 and
V2, voltage leads. The distance between the N/S con-
tacts is about 150nm, the length of normal wire between
the voltage probes is L = 2.6µm. The area of super-
conducting loop is about 12µm2. The first layer was the
normal part, 40 nm thick Cu/Ni or Cu/Cr alloy. The
alloy films of various concentrations were fabricated by
simultaneous evaporation of Ni or Cr and Cu at fixed
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FIG. 2: Magnetoresistance oscillations for two Cu/Ni samples
at T=0.28K.
rates to obtain the required concentration. To obtain
clean interfaces between the layers, the contact area was
Ar+ plasma etched before the deposition of the second
(superconducting) layer which was 60 nm thick Al film.
In case of Cu/Ni samples the resulting composition of the
film was measured using X-ray spectroscopy in an SEM
with an accuracy better than 0.5%. Cr concentration
was determined by the slope of logarithmic divergence
of resistivity at low temperatures due to the Kondo ef-
fect. The homogeneity of the alloy films produced by
co-evaporation has been checked by X-ray microanaly-
sis and by dc-extraction magnetometry on ferromagnetic
alloys, and was found to be better than 2% (see also16).
Evaporation sources for alloy film deposition were Cu
wire of 99.996% purity and Ni wire of 99.98% purity from
Advent Ltd. Using typical analysis of the source purity
provided by the supplier we estimate that up to 10ppm
of other magnetic impurities such as Mn, Cr, or Fe can
be introduced into the alloy film during fabrication. Cr
source was 99.98% pure from Testbourne Ltd.
III. EXPERIMENTAL DATA
Two sets of samples have been investigated: 4 Cu/Ni
samples of geometry shown in Fig. 1 with Ni concentra-
tions 0, 4.0, 7.8, and 8.4 atomic percent; and 4 Cu/Cr
samples of similar geometry with Cr concentrations 0,
14, 18, and 41 ppm. All samples showed magnetoresis-
tance oscillations due to the superconducting proximity
effect. Figure 2 shows the reduced amplitude of oscilla-
tions, ∆R/RN , for two samples with highest Ni concen-
tration (RN is the resistance of N wire). The period of
oscillations corresponds to the magnetic flux quantum
Φ0 = hc/2e through the area of the superconducting
loop.
Figure 3 shows the attenuation of reduced amplitude of
the proximity effect (in logarithmic scale) with increasing
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FIG. 3: Dots: Reduced amplitude of resistance oscillations
in logarithmic scale as function of impurity concentration at
T = 0.28K for Cu/Ni samples. Lines: theoretical fits using
 Lφ0 = 1.9µm and parameter a=0 (solid), 35 (dashed), and
120 (dotted).
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FIG. 4: Dots: Low-temperature residual resistivity versus Ni
impurity concentration. Dashed line: best linear fit.
concentration of Ni impurities. Adding up to 8.4at% of
Ni to Cu suppresses ∆R/RN by about 100 times. Dots
represent experimental points, while the lines are theo-
retical fits which will be described later. We estimate the
relative inaccuracy in this data to be at least 50% due
to uncertainties in sample geometry and the quality of
interfaces.
To quantify the effect of Ni impurities on elastic scat-
tering times of conduction electrons we plot the value of
residual resistivity at low temperature versus impurity
concentration, see Fig. 4. The scattering of experimen-
tal values is due to the random amount of disorder intro-
duced during fabrication of thin films. Based on statistics
of resistivity measurements we estimate relative inaccu-
racy of these values to be about 50%. The data allows us
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FIG. 5: Circles: Resistivity of Cu+4%Ni sample versus tem-
perature in log scale. Solid line: fit of high-temperature
part of resistivity to residual, electron-electron and electron-
phonon contributions. Inset: Kondo contribution to re-
sistivity after subtraction of residual, electron-electron and
electron-phonon contributions. Solid line: best fit to (2) with
ρK = 0.67nΩcm and TK=6.2K; Dotted line: TK=5K; Dash-
dotted line: TK=7K.
to calculate the elastic electron scattering cross section,
Qe, for Ni impurities using the following relation
17
Qe =
e2
mvF
∂ρ
∂c
, (1)
where e is electron charge, m electron mass, vF is
the Fermi velocity, and c = nimp/nCu is the atomic
concentration of impurities (nimp and nCu are concen-
trations of impurities, Ni or Cr, and Cu atoms respec-
tively). The data in Fig. 5 gives the experimental slope
∂ρ/∂c = 0.7µΩcm/at% in reasonable agreement with
1.3µΩcm per at % of Ni in Cu reported previously18.
Substituting this value and vF = 1.6 × 10
8cm/s19 into
(3) we calculate Qe = 1.2× 10
−16cm2. This allows us to
calculate the elastic electron scattering rate on Ni atoms
as τ−1e = vFnCuQec, using nCu = 8.45× 10
22cm−3 (Ref.
[19]).
A small amount of magnetic impurities forming a local
moment in the Cu host have been detected by the Kondo
effect. The temperature dependence of resistivity in the
Cu/Ni alloy wires was measured on separate long lines
without any contacts with superconductors made on the
same chip simultaneously with the Andreev interferome-
ters. They showed a minimum at temperatures between
3K and 10K for different concentrations. The position of
the minimum corresponds to the Kondo effect due to Fe
or Cr impurities. Since Cr has a smaller TK than Fe does,
it will contribute stronger to electron dephasing. Figure 5
shows resistivity versus temperature graph for Cu+4%Ni
sample. Solid line approximates high-temperature part of
of resistivity to ρ = ρ0+AeeT
2+AephT
5, where ρ0=6.776
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FIG. 6: Resistivity of 4 samples versus temperature in
log scale after subtraction of electron-electron and electron-
phonon contributions. Dashed line: Fit to (2) for sample 1,
ρK = 7.0nΩcm and TK=9.5K.
µΩcm is the residual resistivity. After subtracting this
fit from the data we fit the remaining dependence to the
Kondo formula8
∆ρ = −ρKln(T/TK), (2)
with two fitting parameters, ρK and TK . The inset
of Fig. 5 shows the sensitivity of the fit to the values
of the Kondo temperature. Our data allows us to es-
timate TK within 1K accuracy. From the slope of the
resistivity versus logT plot we can calculate the concen-
tration of Kondo impurities. For Cr in Cu host the known
value is 0.4±0.1 nΩcm per decade of temperature change
per ppm20. Figure 6 shows low temperature resistivity
increase due to Kondo effect after subtracting electron-
electron and electron-phonon contributions for 4 different
samples: pure Cu, Cu with 4% Ni and two Cu/Cr ones.
It follows from Fig. 6 that sample with 4% Ni can con-
tain up to 4ppm of Cr. Note also similar values of TK
observed in Cu/Ni and Cu/Cr samples. The effect of
impurity-impurity interaction is shown in Fig. 6 as de-
viation at low temperatures from the behavior predicted
by (2) for sample with 42ppm of Cr. This may explain
the decrease in dephasing rate for sample with 42 ppm
of Cr (see Fig. 7). The pure Cu sample did not show
a resistivity minimum which means cCr < 1 ppm in our
case.
The influence of Cr impurities on the proximity effect
is shown in Fig. 7. The dots represent experimentally
measured reduced amplitude of magnetoresistance oscil-
lations at T = 0.28K, similar to that shown in Fig. 3 for
Cu/Ni samples.
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FIG. 7: Dots: Reduced amplitude of resistance oscillations
in logarithmic scale as function of impurity concentration at
T = 0.28K for Cu/Cr samples. Lines: theoretical fits using
 Lφ0 = 1.6µm and parameter a=0 (solid), 0.04 (dashed), 0.18
(dotted), and 0.4 (dash-dotted).
IV. CONDUCTANCE CALCULATION
In order to calculate the correction to the conductance
in our structures due to the proximity effect we used Us-
adel’s equation for quasiclassical Green functions induced
in the N wire. According to the theory, in the case of a
weak superconducting proximity effect, the amplitude of
resistance oscillations can be presented as (see e.g.21)
∆R(V, T )
RN
=
2
∫
∞
0
F (ǫ, V, T )m(ǫ)dǫ
eV
, (3)
where 2V is the total voltage applied between the two
N reservoirs, ǫ is the quasiparticle energy, F (V, T ) is
the difference of equilibrium distribution functions in N
reservoirs
F (V, T ) =
tanh( ǫ+eV
2kBT
)− tanh( ǫ−eV
2kBT
)
2
, (4)
and energy-dependent function m(ǫ) = (1/16)(m1(ǫ)+
m2(ǫ) + m3(ǫ) + m4(ǫ)) determines averaged over the
length (L1, L) correction to the conductance due to prox-
imity effect. Here 2L is the distance between normal
reservoirs, 2L1 is the distance betweenN/S contacts, and
L2 = L− L1.
m1(ǫ) = Re
[
F 20
θ2
sinh2θ1sinh
2θ2 + sinh2θ2sinh
2θ1 − 2θ1sinh
2θ2 − 2θ2sinh
2θ1
2θsinh2θ
]
, (5)
m2(ǫ) = Re
[
F 20
θ2
2θ2cosh
2θ1 − sinh2θ2cosh
2θ1 − 2θ1sinh
2θ2 − sinh2θ1sinh
2θ2
2θcosh2θ
]
, (6)
m3(ǫ) =
∣∣∣∣F0θ
∣∣∣∣
2
[∣∣∣∣sinhθ2sinhθ
∣∣∣∣
2
(
sinh2θ
′
1
2θ′
−
sin2θ
′′
1
2θ′′
)
+
∣∣∣∣sinhθ1sinhθ
∣∣∣∣
2
(
sinh2θ
′
2
2θ′
−
sin2θ
′′
2
2θ′′
)]
, (7)
m4(ǫ) =
∣∣∣∣F0θ
∣∣∣∣
2
[
−
∣∣∣∣sinhθ2coshθ
∣∣∣∣
2
(
sinh2θ
′
1
2θ′
+
sin2θ
′′
1
2θ′′
)
−
∣∣∣∣coshθ1coshθ
∣∣∣∣
2
(
sinh2θ
′
2
2θ′
−
sin2θ
′′
2
2θ′′
)]
, (8)
where F 20 = ∆
2/[∆2−(ǫ+iΓ)2] is the equilibrium conden-
sate functions in the superconductor, Γ is the depairing
rate in the superconductor. Here we neglect the atten-
uation of condensate functions at the interface because
in all our samples RN was more than 10 times bigger
than interface resistance, Rint. Energy dependence of
condensate functions is determined by parameters θ and
θ1,2,
θ = θ
′
+ iθ
′′
=
√
2iǫ
ETh
+
(
L
Lφ
)2
, (9)
θ1,2 = θL1,2/L, Lφ = (Dτφ)
1/2 is the phase break-
ing length in the normal wire and ETh = h¯D/L
2 is the
Thouless energy.
The effect of impurity of concentration can be included
5in the model by reducing Lφ as follows:
(
L
Lφc
)2
=
(
L
Lφ0
)2
(1 + bc)(1 + ac), (10)
where Lφ0 is Lφ for pure Cu and Lφc is Lφ at impurity
concentration c. Constants b and a describe change in
elastic scattering rate and dephasing rate respectively,
according to the following linear approximations:
τ−1ec = τ
−1
e0 (1 + bc), (11)
τ−1φ0c = τ
−1
φ0 (1 + ac), (12)
where again subscripts ”0” and ”c” correspond to val-
ues for pure Cu and for impurity concentration c. The
value of b can be obtained from Fig. 4. Using experimen-
tal values for sample parameters and Lφ0 and a as fitting
parameters the experimental dependence of proximity ef-
fect on impurity concentration can be compared to the
one predicted by theory. The value of a is only constant
in the single impurity regime. The impurity-impurity in-
teraction leads to the dependence a = a(c). In this way
the spin-glass transition can be included in the model as
well. This effect is seen for 42 ppm sample in Fig. 5,
where the curve obtained in linear approximation does
not go through this point.
V. ANALYSIS AND DISCUSSION
Lines in Fig. 3 show results of fitting of experimen-
tal data for Cu/Ni samples by the theory as described in
section IV. The best fit was obtained for Lφ0 = 1.9µm
and a=35. This corresponds to τ−1φ0 = 3.0 × 10
9s−1.
The extra dephasing in Cu/Ni sample with 4%Ni is
∆τ−1φ = 4.2 × 10
9s−1. The same calculation for Cu/Cr
samples is shown in Fig. 6. The best fit was obtained
for Lφ0 = 1.6µm and a=0.18. This corresponds to
τ−1φ0 = 7×10
9s−1. The extra dephasing in Cu/Cr sample
with 14 ppm of Cr is ∆τ−1φ = 1.7× 10
10s−1. Comparing
the above two samples one can see that the dephasing in
14ppm Cr samples is about 4 times higher than that in
4% Ni sample, and the Kondo slope the former is about
3.5 times higher than that in the former (see Fig. 5).
This suggests that the dephasing in Cu/Ni samples can
be attributed to the small amount of Cr impurities intro-
duced during Ni deposition. Note that pure Cu samples
do not show the Kondo effect within our experimental
accuracy, which means that the amount of Cr impurities
can be proportional to Ni concentration explaining the
dependence of dephasing on concentration of Ni. In our
analysis of sources of dephasing we can neglect contri-
butions from electron-phonon interaction which is of the
order of 106s−1 (Ref. 22) and due to electron-electron
interaction which is of the order of 108s−1 (Ref. [23])
at the temperature of our experiment. Therefore, we
assume that additional dephasing is entirely due to mag-
netic impurities.
For Cu/Ni system impurity spin S=1/2 (Ref. [24])
so that the spin flip rate in the limit T ≪ TK can be
calculated using the following expressions12
τ−1sf =
9π3
8
ǫF
h¯
T 2
T 2K
× c, (13)
where ǫF = 1.1× 10
−18J is the Fermi energy of Cu18.
For 4% Ni sample (13) gives τ−1sf =1.4×10
9s−1. This is
smaller than the dephasing rate due to Cr impurities.
For Cu/Cr system the spin flip rate at T < TK can be
written as follows11
τ−1sf = 8π
ǫF
h¯
S2 − 1/4
ln2(TK/T )
× c, (14)
where S = 3/2 is Cr impurity spin20. The dephasing
rate due to spin flip scattering can be found as11
τ−1φ = τ
−1
sf
2(
1 + α
2
TSG
T
)2 , (15)
where α = 1.85 for S = 3/2 and denominator in right-
hand side of (15) accounts for the reduction of dephasing
due to the spin-glass transition at the temperature TSG.
Substituting τ−1φ = 1.7× 10
10s−1 for Cu/Cr sample with
c = 14 × 10−6 at T = 0.3 K into (14) and (15) one
gets TSG to be about 2K in reasonable agreement with
resistivity measurements shown in Fig. 5.
In conclusion, we have studied the dephasing of con-
duction electrons by magnetic impurities in Cu/Ni and
Cu/Cr samples. Dephasing in Cu/Cr samples is asso-
ciated with spin-flip scattering due to the Kondo effect.
Influence of spin glass transition on the superconducting
proximity effect has been observed. Estimation of TSG
made using formulas for spin-flip rate and the dephasing
rate are in agreement with experiment. The dephasing
in Cu/Ni samples can be explained by the contribution
of other magnetic impurities, such as Cr by comparison
to results in Cu/Cr samples.
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